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Abstract

The orally available anti-hepatitis C virus (HCV) drug simeprevir exhibits non-
linear pharmacokinetics at the clinical doses due to saturation of cytochrome
P450 (CYP) 3A4 metabolism and organic anion transporting peptide (OATP)
1B mediated hepatic uptake. Additionally, simeprevir increases exposures of
concomitant drugs by CYP3A4 and OATP1B inhibition. The objective of this
study was to develop physiologically-based pharmacokinetic (PBPK) models
that could describe drug—drug interactions (DDIs) of simeprevir with concomi-
tant drugs via CYP3A4 and OATP1B inhibition, and also to capture the effects
on coproporphyrin-I (CP-I), an endogenous biomarker of OATP1B. PBPK mod-
eling estimated unbound simeprevir inhibitory constant (K;) of 2.89 M against
CYP3A4 in the DDI results between simeprevir and midazolam in healthy vol-
unteers. Then, we analyzed the DDIs between simeprevir and atorvastatin, a
dual substrate of CYP3A4 and OATPI1B, in healthy volunteers, and unbound
K; against OATP1B was estimated to be 0.00347 uM. Finally, we analyzed the
increase in the blood level of CP-I by simeprevir to verify the K; oorp;p. Because
CP-I was measured in subjects with HCV with various hepatic fibrosis state,
Monte Carlo simulation was performed to involve the decreases in expression
levels of hepatic CYP3A4 and OATPI1B and their interindividual variabilities.
The PBPK modeling coupled with Monte Carlo simulation using the K oatpip
value obtained from atorvastatin study reasonably recovered the observed re-
lationship between CP-I and simeprevir blood levels. In conclusion, the sime-
previr PBPK model developed in this study can quantitatively describe the
increase in exposures of concomitant drugs and an endogenous biomarker via
inhibition of CYP3A4 and OATP1B.
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Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

Simeprevir, an inhibitor of CYP3A4 and OATP1B, increases the exposures of con-
comitant drugs (midazolam and atorvastatin) in healthy subjects and an endog-
enous biomarker of OATP1B, CP-1, in patients with HCV.

WHAT QUESTION DID THIS STUDY ADDRESS?

Can physiologically-based pharmacokinetic (PBPK) model analysis of simeprevir
successfully capture the interactions with concomitant drugs and CP-I both in
healthy subjects and patients with HCV?

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

The simeprevir PBPK model coupled with Monte Carlo simulation can adequately
recover the interactions with concomitant drugs and CP-I. Our analysis reveals
that not only OATP1B increases inhibition by simeprevir but also decreases in
expression levels of hepatic CYP3A4 and OATP1B due to progression of liver fi-
brosis can affect the relationship between simeprevir and CP-I blood levels in
patients with HCV.

HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT,
AND/OR THERAPEUTICS?

PBPK models taking interindividual difference and diseased conditions into ac-
count can reasonably describe the drug-drug and -endogenous biomarker interac-

INTRODUCTION

Simeprevir is an orally available drug for the treatment of
hepatitis C virus (HCV) by inhibiting NS3/4A protease.
Plasma exposures after single oral dose of simeprevir at
the dose range from 50mg to 600mg have been evalu-
ated in a phase I clinical trial in healthy volunteers (HVs).
Plasma exposures increased dose-proportionally at the
doses of 50-100mg and greater than dose-proportionally
at the doses of 150-600mg." Simeprevir is a substrate of
cytochrome P450 (CYP) 3A4, organic anion transporting
peptide (OATP) 1B, and p-glycoprotein (P-gp)."* An anal-
ysis of simeprevir pharmacokinetics was performed using
a physiologically-based pharmacokinetic (PBPK) model,
and the results suggested that the saturation of CYP3A4
metabolism and the OATP1B mediated hepatic uptake
were major factors for the nonlinear pharmacokinetics.
On the other hand, because a mass balance study demon-
strated that the fraction absorbed of simeprevir at the dose
of 50mg was high (0.75),” it was considered that the im-
pact of saturation of the P-gp mediated efflux at the intes-
tinal tract on the nonlinear pharmacokinetics was limited.

It has been reported that co-administration of itracon-
azole, a potent CYP3A4 inhibitor, and rifampicin, an OATP1B
inhibitor, increased the plasma exposure of simeprevir at the
dose of 0.016mg/kg.* In addition, it has been also reported
that co-administration of ritonavir, erythromycin, and cyclo-
sporine increased the plasma exposure of simeprevir at the

tions and will help the drug development and/or therapeutics.

dose of 150mg, and their mechanisms were considered to be
inhibition of CYP3A4, OATP1B, and P-gp.’

Simeprevir is not only a substrate but also an inhibitor
of CYP3A4 and OATP1B. In a clinical drug-drug interac-
tion (DDI) study in HVs, simeprevir at the therapeutic dose
of 150 mg q.d. increased the plasma area under the plasma
concentration-time curve (AUC) of oral midazolam, a
CYP3A4 probe substrate, by 1.45-fold. On the other hand,
there was no impact of concomitant dosing of simeprevir
on the intravenous midazolam AUC. This was likely due
to simeprevir mainly inhibiting CYP3A4 in the intestinal
tract, instead of liver. The 2.12-fold increase in the AUC of
atorvastatin, a dual substrate of CYP3A4 and OATP1B, has
been reported with co-administration of simeprevir at the
dose of 150mg q.d.” In addition, plasma coproporphyrin-I
(CP-I), an endogenous substrate of OATP1B, was mea-
sured in a clinical phase III study in subjects with HCV,®
and it was confirmed that plasma CP-I concentrations in-
creased where plasma simeprevir concentrations exceeded
3pM, suggesting that OATP1B inhibition by simeprevir
was involved in the increase in plasma CP-I concentra-
tions.” It has also been reported that hepatic OATP1B ex-
pression level decreased with the progression of hepatic
fibrosis in patients with HCV.® Therefore, it is considered
that decreases in OATP1B expression levels due to progres-
sion of hepatic fibrosis as well as OATP1B inhibition by
simeprevir can be involved in the increase in plasma CP-I
concentration observed in the clinical study.
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Modeling approach is a powerful tool to predict and
understand complex DDI quantitatively.”* PBPK model
analysis with Monte Carlo sampling can describe not only
average but also individual DDI. Whereas the PBPK model
analysis for DDI of simeprevir as a victim drug has already
been performed,' the quantitative model analysis inves-
tigating a series of DDIs of simeprevir as a perpetrator
has not yet been done yet. In this study, the PBPK model
analysis was performed on a series of DDIs in which sime-
previr is a perpetrator drug. For highly lipophilic drugs,
such as simeprevir,' it has been reported that inhibitory
concentration of drug metabolizing enzymes and trans-
porters determined by in vitro experiments may underpre-
dict the magnitude of DDI in vivo due to high adsorption
to experimental materials and protein components."
Therefore, top-down estimation using PBPK modeling
was performed to obtain in vivo inhibitory constant (K;)
of simeprevir against CYP3A4 and OATP1B by analyzing
DDIs with midazolam and atorvastatin. Then, the effect
of simeprevir on plasma CP-I level was simulated to ver-
ify K; against OATP1B (K garp;p) using constructed PBPK
model coupled with Monte Carlo sampling.

METHODS
Development of simeprevir PBPK model

The PBPK model structure and parameters of simeprevir
are shown in Figure 1a and Table 1. The physiological pa-
rameters are shown in Table S1. The model code is available
in the previous report.'® The liver in this model consisted of
extracellular and intracellular compartments, which were
further divided into five parts to give a structure similar to
the dispersion model."” The reported overall intrinsic clear-
ance (CLingan)s Rair (PSuitint/PSactint) ¥ (PSaiging/ PSaiterr)s and
B ((CLint,met + CLint,bile)/ (Psdif,eff + CLint,met + CLint,bile)) were
used.* The reported kinetic metabolite (K,,) for CYP3A4 me-
tabolism and OATP1B mediated hepatic uptake were also
used to capture the nonlinear pharmacokinetics." Entero-
hepatic circulation was described by connecting the hepato-
cytes and intestinal lumen compartments with three tandem
transit compartments. The intestinal tract was divided into
luminal and cellular compeurtments,18 and intestinal CYP3A4
metabolism of simeprevir was considered. Muscle, adipose,
and skin were selected as the distribution organs, and the
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FIGURE 1 Structures of PBPK model of simeprevir (a), midazolam (b),’ atorvastatin (c),?* and coproporphyrin-I (d).”* The liver
compartment was further divided into five subcompartments to construct a model similar to the dispersion model.'” PBPK models for

simeprevir, atorvastatin, and coproporphyrin-I were developed assuming a perfusion rate-limited distribution, whereas a rapid equilibrium

for midazolam. Enterohepatic circulation was incorporated for simeprevir, atorvastatin and coproporphyrin-I. Portal vein blood flow was

divided into mucosal and serosal blood flow for simeprevir.'® CLy;,, intrinsic clearance of biliary excretion; CLiptmet intrinsic clearance

of hepatic metabolism; CLg, renal clearance; CL ¢ en»

intrinsic clearance of intestinal metabolism; F,, fraction absorbed; F, intestinal

metabolic availability; f;,, protein unbound fraction in blood; f;,, hepatic protein unbound fraction; f, 4, unbound fraction in enterocyte;

Jeyn» fraction of CP-I biosynthesis in the liver; k,, absorption rate constant; K, tissue/blood concentration ratio; k., transit rate constant

for enterohepatic circulation; PBPK, physiologically-based pharmacokinetic; PS, ;¢ 1., active uptake intrinsic clearance on sinusoidal

membrane; PSy;g,¢enr» influx clearance by passive diffusion through basolateral membranes from the mucosal blood to the enterocyte;

PSgifine > influx intrinsic clearance by passive diffusion through sinusoidal membrane; PS g e €fflux clearance by passive diffusion

through a basolateral membrane from the enterocyte to the mucosal blood; PS¢ 1,, efflux intrinsic clearance by passive diffusion through

sinusoidal membrane; Qysee, blood flow rate in tissue; Vi,

rate of CP-I biosynthesis in the whole body; Vj;.e. tissue volume.
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Optimized, CV% TABLE 1 Fixed al?d optim.ized PBPK
Parameter Fixed (Initial) Unit References model parameters of simeprevir.
P - 0.189, 7.04% (0.504)  107*cm/s -
AR = 4.79, 2.79% (1.00) = =
% 0.00139 - - 4
Ry 0.72 - - 4
f 0.0147 - - 4
g 0.095 = - 19,20
K, siin 0.389 - - 4
Kp muscle 0.09 - - 4
K adipose 0.0743 - - 4
Kpeut 0.222 - - 19,20
Kinucypsaa 7.5 - pg/L 1
Vinax,cyp3as 1740 = pg/h Calculated from
1and 4
Jm.cypsase 0.81 - - 4
KinuoaTrIB 2.25 - pg/L 1
Vinax,0ATP1B 70,500 - pg/h Calculated from
land 4
CLg 0 - L/h 4
CLincan 6970 - L/h 4
Ry 0.0113 = - 4
Joite 0.31 - - 4
4 0.24 - - 4
p 0.22 - - 4
Kiucypiaa - 2170, 23.9% (89100)  pg/L -
KiuonTP1B - 2.60, 6.73% (525) pg/L -

Note: Ryis=PS it ins/ PSactinf Joite = CLint bile/ (CLint met + CLintpite)s ¥ = PSait int/ PSait eftr #= (CLint met + CLingite)/
(PSgig e+ CLing met + CLing bite)- Comparable CLyy, ,; (10,800 L/h) was reported by Snoeys et al. assuming
following scaling parameters (111 pmol CYP3A4/mg microsomal protein, 99 million cells/g liver, 32 mg
microsomal protein/g liver and 1799 g liver/body)."*"*

Vinax.cypsas Was calculated by (1 — fiie)* #* CLingan " Rait fn.cvpaas Kmucvpsaa/ (1 — £) 7 B (1+ Rie))-
Vinax.oatpis Was calculated by CLiy a1 K u0atpis/(B° (1 + Rgip)-
K

19,20
ptissue d.

and f, g, were calculated as previously reported by Rodgers and Rowlan
K; . .cypaas 0f 2170 ug/L corresponds to 2.89 pM, K; , oatpip Of 2.60 pg/L corresponds to 0.00347 pM.
Abbreviations: AR, apical to basolateral intestinal membrane surface area ratio; CLy, ,;, overall intrinsic
hepatic clearance; CLy by, intrinsic biliary excretion clearance; CLyy e, intrinsic metabolic clearance;
CLg, renal clearance; CV%, coefficient of variation percentage; f;, blood unbound fraction; EHC, entero-
hepatic circulation; f, 4, unbound fraction in enterocytes; f;,, unbound fraction in hepatocytes; fi, cypsas
fraction metabolized for CYP3A4; K, cypsaq» Unbound inhibition constant against CYP3A4; K; ;, oatpips
unbound inhibition constant against OATP1B; K., , cypsas» unbound Michaelis-Menten constant for
CYP3A4; Ky, oatpips Unbound Michaelis-Menten constant for OATP1B; K,,, tissue, tissue to blood tissue
partition coefficients; PBPK, physiologically-based pharmacokinetic; P, effective permeability; PS, . i
active uptake intrinsic clearance on sinusoidal membrane; PSy;; ., efflux intrinsic clearance by passive
diffusion through sinusoidal membrane; PS¢, influx intrinsic clearance by passive diffusion through
sinusoidal membrane; R, blood to plasma concentration ratio; Vy,,, cypsas, maximum velocity for
CYP3A4; Vy.x oaTpip Maximum velocity for OATP1B.

blood to tissue concentration ratio (K,,) in each organ was in the intestinal tract and the passive diffusion ratio between
predicted based on logP, pK,, and plasma unbound frac-  from enterocyte to intestinal lumen and from enterocyte to
tion.'”® The measured plasma concentrations were con-  mucosal blood (AR) were optimized simultaneously to re-
verted to blood concentrations by correcting the blood to cover the blood concentration-time profiles of simeprevir at
plasma concentration ratio. The effective permeability (Py)  the six dose levels from 50 mg to 600mg. All DDI studies were
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conducted at a dose level of 150mg q.d. simeprevir.”>” None-
theless, plasma simeprevir concentrations after once daily
dosing at a dose of 150mg in subjects with HCV were distrib-
uted in a wide range (~20-40,000ng/mL) in the clinical trial
investigating the effect on CP-1. Interindividual variability in
drug clearance and nonlinear pharmacokinetics may result
in this study outcome. Therefore, it was required to describe
nonlinear pharmacokinetics and interindividual variability of
simeprevir in the present study.

DDI analysis of simeprevir and midazolam

The effect of simeprevir multiple dose (150mg g.d.) on the
blood concentration-time profiles of midazolam after oral
and intravenous administrations were evaluated in healthy
subjects.” The PBPK model structure and parameters of
midazolam are shown in Figure 1b and Table S2. The pub-
lished PBPK model structure was used.” A rapid equilibrium
distribution to the liver was assumed. Intestinal absorption
was described by Qg model to take its intestinal metabo-
lism into consideration. The absorption rate constant (k,),
CLin¢an» and scaling factor of K, (Yg,) were optimized si-
multaneously to reproduce the time course of midazolam
blood concentration after intravenous and oral administra-
tion in the absence of simeprevir. Then, we estimated the
K; of simeprevir against CYP3A4 (K cypsp4) to reproduce
the changes in blood concentrations of midazolam after in-
travenous and oral administration with co-administration
of simeprevir at the dose of 150mg. The reported nominal
half-maximal inhibitory concentration (ICs,) of simeprevir
against CYP3A4 determined by in vitro experiments using
human liver microsomes was used as an initial value.*

DDI analysis of simeprevir and
atorvastatin

The changes in blood concentration-time profiles of ator-
vastatin, a dual substrate of CYP3A4 and OATP1B, after
co-administration of simeprevir at the dose of 150 mg q.d.
were also evaluated in healthy subjects.’ The PBPK model
structure and parameters of atorvastatin are shown in Fig-
ure 1c and Table S2. The model structure of the intestinal
tract was changed from the first-order absorption model
used in the previous study to the Qg model to consider
the inhibitory effect of simeprevir on intestinal CYP3A4.>
Each liver compartment was divided into extrahepatic and
hepatocellular compartments to incorporate the hepatic
uptake process mediated by OATP1B. The model also
accounted for enterohepatic recirculation because ator-
vastatin was excreted into bile as the unchanged drug.*
The k,, CLjy a1, and Yy, were optimized simultaneously

ASCPT

to reproduce the time course of atorvastatin blood con-
centration in the absence of simeprevir. Then, K; cypsa4
was set at the value estimated in the analysis of DDI with
midazolam, and the K; oorp;g Was estimated to reproduce
the increase of atorvastatin blood concentration with
co-administration of simeprevir at the dose of 150mg.
The experimentally determined ICy, value of simeprevir
against OATP1B using expression cell system was used as
an initial value.”

Analysis of interactions between
simeprevir and CP-I

The effect of simeprevir multiple dose (150 mg q.d.) on
CP-I plasma levels was assessed in a phase III clinical
trial for the evaluation of long-term efficacy and safety
in subjects with HCV.%” The PBPK model structure and
parameters of CP-I are shown in Figure 1d and Table S2.
The membrane limited hepatic uptake by OATP1B and
enterohepatic circulation were considered as well as
simeprevir and atorvastatin.’*** The study outline of an
actual clinical trial and virtual clinical trials evaluating
the increase in plasma CP-I concentration by simeprevir
are summarized in Table S3. The dosing amount of sime-
previr, dosing duration, the total number of subjects, and
the proportion of subjects with each METAVIR fibrosis
score among all subjects were set at the same condition
in actual and virtual clinical trials. Approximately one-
third of subjects had METAVIR fibrosis score of F1 (mild
fibrosis). Another one-third had fibrosis score of F2 (sig-
nificant fibrosis), and the rest had fibrosis score of F3
(severe fibrosis) or F4 (cirrhosis).® It has been reported
that the progression of liver fibrosis resulted in altering
the expression levels of CYP3A4 and OATP1B,® which
may affect the exposures of simeprevir and CP-1. There-
fore, the decrease in the expression level of CYP3A4
and OATP1B in subjects with HCV with each META-
VIR fibrosis score and its interindividual variations were
incorporated to conduct the Monte Carlo simulation.
Vinax.cypsas and V.. oarpip fOr simeprevir in subjects
with HCV were calculated by multiplying those in HVs
and ratio of expression level in subjects with HCV to
HVs. Similar to that, an active uptake intrinsic clearance
on sinusoidal membrane mediated by OATP1B for CP-I
in subjects with HCV was obtained by multiplying that
in HVs and ratio of expression level in subjects with HCV
to HVs. The interindividual variability in the renal clear-
ance of CP-I'was also considered and assumed to be com-
parable between healthy and HCV subjects (Table S4).*
The interindividual variabilities of other parameters
were not considered in the present study. The synthesis
of CP-I was assumed to be constant between HVs and
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subjects with HCV. Because both simeprevir and CP-I
were low systemic clearance substances,"*? the change
in hepatic blood flow and its variability might have lim-
ited impact on study outcomes. Plasma samples were
collected immediately before (Cy,yen) and 1-7hours
after dose at 2, 4, 8, and 12weeks after the initial dose in
the actual clinical study, whereas plasma samples were
collected immediately before and 2 hours after dose at 2
and 12 weeks after the initial dose in the virtual clinical
study (Table S3). The reasons for adopting the simplified
blood sampling in virtual clinical trials are described in
the Results section. Six virtual clinical trials were per-
formed with the fixed K; 551pip that was estimated from
drug interaction with atorvastatin, and compared to an
actual clinical trial.

Software

The parameter estimation and simulation were conducted
by Phoenix WinNonLin version 8.1 (Certara USA). The
weight for the nonlinear least-squares calculation was set
as the square root of the observed value. The P, was pre-
dicted by ADMET predictor version 9.5 (Simulation Plus)
for simeprevir and atorvastatin. The generation of virtual
patient populations was performed with R version 4.2.0,
as described previously.*®

(a) s0mg

RESULTS

PBPK model development to describe
nonlinear pharmacokinetics of simeprevir

The observed blood concentration-time profiles between
50mg and 600mg simeprevir doses in healthy subjects
was captured well by optimizing P.; and AR (Figure 2).
These parameters were converged with small coefficient
of variation (CV) values of 7.04 and 2.79%, respectively.
The fixed and optimized PBPK model parameters of sime-
previr are shown in Table 1 and the physiological param-
eters in Table S1. The observed and optimized blood AUC
and maximum plasma concentration (Cp,,,) of simeprevir
were summarized in Figure S1.

Increase in midazolam exposure via
CYP3A4 inhibition by simeprevir in
healthy subjects

Midazolam blood concentrations after intravenous and
oral administration alone can be reproduced by opti-
mizing k,, CLj, . and Yg, (Figure 3). The fixed and
optimized PBPK model parameters for midazolam are
shown in Table S2. The K; cyp3p4 Of simeprevir was esti-
mated to be 2.89 uM (CV, 23.9%) to recover the increase
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FIGURE 2 Optimized and observed simeprevir blood concentration-time profiles after single oral administration at the doses of 50 mg
(a), 100mg (b), 200mg (c), 300 mg (d), 450 mg (e), and 600 mg (f) in healthy volunteers. The open circles represent observed concentration-
time profiles.! Each solid line represents an optimized concentration-time profile using PBPK model and parameters shown in Figure 1a and

Table 1. PBPK, physiologically-based pharmacokinetic.
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simeprevir once daily oral administrations at the dose of 150 mg for 10days (oral midazolam) and 11 days (intravenous midazolam) in
healthy volunteers. Oral and intravenous midazolam were administered at the doses of 0.075 mg/kg and 0.025 mg/kg, respectively.’ The
black and red circles represent observed blood midazolam concentrations in the absence and presence of simeprevir, respectively. The
circles and bars represent measured concentrations and their SD values, respectively. The black and red lines represent optimized blood
midazolam concentration-time profiles in the absence and presence of simeprevir, respectively.

TABLE 2 Observed and optimized
fold increase in AUC and C,,,, of
midazolam and atorvastatin following
once daily multiple oral simeprevir dosing
in healthy volunteers. U Gk
Midazolam (i.v.)
Midazolam (p.o.)

Atorvastatin (p.o.)

Mean ratio (90% CI) with/without simeprevir

Crnax AUC

Observed Simulated Observed Simulated
0.78 (0.52-1.17) 1.00 1.10 (0.95-1.26) 1.00
1.31(1.19-1.45)  1.46 1.45(1.35-1.57)  1.49

1.70 (1.42-2.04)  2.69 2.12(1.72-2.62)  2.38

Note: Midazolam was administered at the doses of 0.075mg/kg orally and 0.025 mg/kg intravenously.
Atorvastatin was administered orally at the dose of 40 mg. Simeprevir was administered at the dose of
150 mg for 11 days for intravenous midazolam and 10 days for oral midazolam and atorvastatin.’

Abbreviations: AUC, area under the concentration-time curve; CI, confidence interval; C,

plasma concentration.

in oral midazolam exposure in the presence of simeprevir
(Table 1). Simulated C,,,, and AUC fold-increase in oral
midazolam exposure by simeprevir dosing were 1.46 and
1.49-fold, whereas those observed in the clinical study
were 1.31 and 1.45-fold, respectively.5 On the other hand,
co-administration of simeprevir showed no apparent
change in intravenous midazolam exposure. These results
were in line with observed data (Table 2 and Figure 3).

Increase in atorvastatin exposure via
CYP3A4 and OATP1B inhibition of
simeprevir in healthy subjects

A blood concentration—-time profile of atorvastatin in the
absence of concomitant drugs was reproduced by opti-
mizing k,, CLiy o, and Y, (Figure 4). The fixed and opti-
mized PBPK model parameters of atorvastatin are shown
in Table S2. When K; cyp3p4 Was set at the value obtained
by the analysis of DDI with midazolam (2.89 pM), K, oarp15
was estimated to be 0.00347 uM (CV, 6.73%) to recover the
increase in atorvastatin exposure by coadministration of

'max MaXimum

1e+02 —| O alone (observed) O

—— alone (optimized)

+simeprevir (observed)
—— +simeprevir (optimized)

let+01 —

1e+00 —

le-01 —

Blood atorvastatin (ng/mL)

le-02 —

I I I I I I I
0 4 8 12 16 20 24

Time (h)

FIGURE 4 Optimized and observed blood concentration-
time profiles of atorvastatin before and after simeprevir once

daily oral administrations at the dose of 150 mg for 10days in
healthy volunteers. Atorvastatin was administered orally at the
dose of 40mg.® The black and red circles represent observed

blood atorvastatin concentration in the absence and presence of
simeprevir, respectively. The circles and bars represent measured
concentrations and their SD values. The black and red lines
represent optimized blood atorvastatin concentration-time profiles
in the absence and presence of simeprevir, respectively.
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simeprevir (Table 1). The simulated increase in atorvasta-
tin C,,, and AUC were 2.69 and 2.38-fold, whereas those
observed in the clinical study were 1.70 and 2.12-fold, re-
spectively (Table 2 and Figure 4).”

Relationship between simeprevir and CP-1I
blood concentrations in subjects with HCV

When K; oa1p1p Was set at the value estimated by the analy-
sis of DDIs with atorvastatin (0.00347uM), a total of six
virtual clinical trials of the same size as the clinical trial
were conducted, and the results are shown in Figure 5.
When conducting virtual clinical studies, decreases in ex-
pression levels of hepatic CYP3A4 and OATPIB in subjects
with HCV with each METAVIR fibrosis score compared
to healthy subjects were considered. In addition, interin-
dividual variabilities for hepatic CYP3A4 expression level,
OATPI1B expression level,**” and CP-I renal clearance were
also incorporated (Table S4).2* The CP-I blood concentra-
tions were in a similar range around 0.6 nM when the sime-
previr blood concentration were below ~2000ng/mL, and
then increased up to 6nM at the simeprevir blood concen-
tration range from 2000 to 30,000 ng/mL in the actual clini-
cal trial (Figure 5a).” All virtual clinical trials adequately
predicted this trend (Figure 5b-h). Simulation results indi-
cated that some subjects with METAVIR fibrosis scores of

(a) observed (b)  Virtual clinical trial 1 (overlay)

® observed
® Fi(simulated)
® F(simulated)
® Fi(simulated)
served 01 - Fd(simulated)

I I I I T I I I T T
le+01

Observed blood CP-I (nmol/L)
Blood CP-I (nmol/L)

0.1

let02  let03  let04  let+05 let01  le+02  1let03  let04  le+05

Observed blood simeprevir (ng/mL) Blood simeprevir (ng/mL)
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P afge |
- :."gl i
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Simulated blood CP-I (nmol/L)

F1 and F2 showed CP-I concentrations around the baseline,
whereas many of F3 and F4 subjects showed high blood
concentrations of both simeprevir and CP-1.

Besides the phase III clinical trial investigating the
relationship between CP-I and simeprevir, the plasma
concentration-time profile of simeprevir in representa-
tive subjects with HCV (METAVIR fibrosis score not as-
signed) was also reported.”' The observed and simulated
blood concentration-time profiles after single oral admin-
istration of simeprevir at the doses of 75mg, 150mg, and
200 mg in representative patients with HCV are shown in
Figure S2. The simulated blood concentration-time pro-
files in subjects with HCV with METAVIR fibrosis scores
of F1 and F2, who accounted for 67% among all partici-
pants in the phase III clinical trial, seemed to capture the
observed data in representative subjects with HCV. The
simulated concentrations of unbound simeprevir in liver
sinusoids, hepatocytes, and enterocytes at steady-state
after once-daily oral administration of simeprevir at the
dose of 150 mg for 12weeks are shown in Figure S3. The
optimized K; cyp3aq and K parp;p are overlaid.

DISCUSSION

In this study, a series of DDIs of simeprevir as a perpetra-
tor were analyzed by PBPK modeling coupled with Monte
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FIGURE 5 Observed (a) and simulated (b-h) relationship between blood concentrations of CP-I and simeprevir in subjects with HCV.
Gray circles represent observed data. Red, green, blue, and yellow circles represent and simulated data in subjects with HCV with METAVIR

fibrosis score F1, F2, F3, and F4, respectively. Simeprevir was orally administered once daily at the dose of 150mg.” Plasma samples were

prepared from 2 to 12 weeks after first dose. Detailed study conditions were shown in Table S3. CP-I, coproporphyrin-I; HCV, hepatitis C

virus.
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Carlo simulation to estimate and verify the in vivo K; of
simeprevir against CYP3A4 and OATP1B.

Because it has been reported that the saturation of
CYP3A4 metabolism and hepatic uptake mediated by
OATP1B contributed the nonlinear pharmacokinetics of
simeprevir, a PBPK model structure, including CYP3A4
metabolism in the small intestine and liver, hepatic uptake
by OATP1B was adopted."*** The model also accounted
for enterohepatic recirculation because simeprevir was
excreted into bile as the unchanged drug (Figure 1a).*!
The values of parameters related to drug systemic clear-
ance, such as CLyy .1, Vinax and K, were obtained from
the previous reports."* The concentration-time profiles
of simeprevir at the doses from 50 to 600mg in healthy
subjects were reproduced by optimizing two parameters
related to intestinal absorption, P and AR (Figure 2 and
Table 1). If AR was fixed to be unity and only P, was op-
timized, nonlinear pharmacokinetics of simeprevir was
also adequately captured (data not shown). These results
indicated that AR had limited impact on nonlinearity in
this case, but K, for OATP1B and CYP3A4 were key pa-
rameters to capture the nonlinearity.

The reported PBPK model structure of midazolam
was used in this study.” By optimizing k,, CLinganr and Yy,
of midazolam, the time course of blood midazolam con-
centration without concomitant use of simeprevir was
reproduced. It has been reported that simeprevir shows
the competitive inhibition against CYP3A4, but not time-
dependent inhibition.*! The unbound K; cyp3as Was esti-
mated to be 2.89 pM with the reasonable CV value of 23.9%
using PBPK model analysis (Table 1 and Figure 3). Sim-
ulated unbound simeprevir concentrations in enterocyte
compartment exceeded the optimized unbound K; cypsag
up to 6-8h postdose, indicating the inhibition of intesti-
nal CYP3A4 activity by simeprevir. On the other hand,
simeprevir was unlikely inhibit the hepatic CYP3A4 in
hepatocytes because the simulated unbound simeprevir
concentrations in hepatocytes were 100-fold lower than
K; cypsas OVer the entire dosing interval (Figure S3b,c).
These were consistent with the observation that co-
administration of simeprevir increased the exposure of
orally administered midazolam but had little effect on the
exposure of intravenously administered midazolam.’ As
a result of in vitro study using human liver microsomes,
the nominal ICy, values of simeprevir were determined
to be 84.5 and 153 pM for 4- and 1’-midazolam hydroxy-
lase activities, respectively.*' By considering the unbound
fraction in incubation determined by in vitro binding
experiments, unbound IC5, was estimated to be 0.455-
0.823 uM. K; cyp3p4 Obtained by the PBPK model analysis
(2.89 uM) was not significantly different from the range
of inhibitory concentration determined in the in vitro
studies.

ASCPT

The model structure of the intestinal absorption of
atorvastatin was modified from the previously reported
first-order absorption to the Qg model to incorporate
CYP3A4 metabolism in the enterocytes, enabled us to
consider the inhibition of intestinal CYP3A4 activity by
simeprevir. The PBPK model structure and values of pa-
rameters related distribution, metabolism, and excretion
of atorvastatin were obtained from the previous reports
(Figure 1c and Table S2).*> When unbound K; cypsxs Was
set at the value obtained by the PBPK analysis with mid-
azolam (2.89pM), unbound K;oarpip Was estimated to
be 0.00347 pM with the small CV value of 6.73% (Table 1
and Figure 4). The simulated unbound C,,,, of simeprevir
in the liver sinusoid compartment exceeded K garpip in
healthy subjects (Figure S3a). The nominal ICs, values of
simeprevir against OATP1B1 and 1B3 determined by the
expression cell system were reported to be 0.7 and 0.6 pM,
respectively.” These values were ~200-fold higher than
unbound K ga7p;p estimated by the PBPK model analysis
(0.00347 pM), possibly due to high nonspecific binding
to cellular components and experimental materials. On
the other hand, the K, oarp;p Of simeprevir estimated by
PBPK model analysis was reported to be 0.003 pM," which
was close to K; gyrpip Obtained in this study.

The reported PBPK model structure and parame-
ters of CP-I constructed by authors (Sugiyama and his
co-workers) were used in this study (Figure 1d and
Table S2).**** Blood samples were collected at multiple
timepoints up to 7h after dose at 2, 4, 8, and 12weeks
in the actual clinical trial. However, sampling points
were set at 0 and 2h after the dose, corresponding to
trough and peak concentrations, at 2 and 12weeks in
the virtual clinical trials. The reasons for these differ-
ences are (1) blood sampling timepoints at 0 and 2h
postdose accounted for 70% of total samples, (2) ~40% of
samples were collected at week 2, followed by 12weeks
(Table S5), (3) the blood concentrations of simepre-
vir and CP-I seemed to be a similar range across entire
weeks, indicating that those of both substances reached
steady-state at week 2 in the actual clinical study (Fig-
ure S4). The highest blood simeprevir concentration
was 28,400ng/mL among all samples collected from
the actual clinical trial in subjects with HCV, whereas
average C,,,, at steady-state in healthy volunteers was
only 2350ng/mL,' despite of the same dose amount of
150 mg. This was likely due to decrease in drug clear-
ance in subjects with HCV compared to healthy sub-
jects. Therefore, in the virtual clinical trials, the extent
of decrease in hepatic CYP3A4 and OATP1B expression
levels in response to each METAVIR fibrosis score were
incorporated (Table S4). The mRNA levels of CYP3A4
and OATP1B in liver biopsy samples collected from sub-
jects with HCV with METAVIR fibrosis scores of F1, F2,
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and F3 were measured and found that both mRNA levels
were decreasing with progressing the fibrosis state.® For
F4 subjects (liver cirrhosis), the reported CYP3A4 and
OATP1B protein abundances in liver biopsy samples col-
lected from subjects with cirrhotic liver were incorpo-
rated.”’ In this proteomics study, protein abundances of
CYP3A4 and OATP1B were evaluated in patients with
Child-Pugh classes A, B, and C. Because the efficacy
and safety study of simeprevir has not been conducted
in HCV-infected patients with Child-Pugh class B and
C,” the reported values from subjects with Child-Pugh
class A were used. Because variabilities in CYP3A4 and
OATP1B were not statistically significant among all
METAVIR fibrosis scores from F1 to F4, the observed av-
erage CV% was used in simulations. In addition, interin-
dividual variability of the CP-I renal clearance was also
considered and assumed that the variability in subjects
with HCV was comparable to that in healthy subjects.*
The results of a total of six virtual clinical trials when the
K; oatpip Was set at the value estimated by the DDI analy-
sis with atorvastatin (0.00347 pM) are shown in Figure 5.
In the actual clinical trial, blood CP-I concentration in-
creased when blood simeprevir concentrations exceed
2000ng/mL (2.67 puM), and maximum CP-I concentra-
tion reached around 6 nM. Comparable relationships be-
tween simeprevir and CP-I blood levels were successfully
predicted in all virtual clinical trials relative to the actual
clinical trial, despite that no parameter optimization to
match observed data was conducted. Our simulations
showed that blood concentrations of both substances
tended to be higher in subjects with severe hepatic im-
pairment (F3 and F4), due to low drug clearances and
potent OATP1B inhibition by simeprevir. These simu-
lations clearly demonstrated that PBPK model analysis
coupled with Monte Carlo simulation to consider the in-
terindividual variability in drug metabolizing enzymes
and transporters was a useful approach to describing and
understanding complex DDI cases.

Simeprevir showed the inhibitory potency against
multidrug resistance-associated protein 2 (MRP2) with
the ICy, of 6.4 M (4800 ng/mL) in vitro.** CP-I was a sub-
strate of MRP2 as well as OATP1B.” Therefore, MRP2 in-
hibition by simeprevir might be involved in the increase in
CP-1 blood levels. However, simulated unbound simepre-
vir Cp,« in hepatocytes (~30ng/mL) was much lower than
the nominal ICs,, suggesting that the MRP2 inhibition by
simeprevir may not contribute to the interaction between
simeprevir and CP-I. In fact, if the K ygp, value were set
at 1000-fold lower than the nominal ICy,, the minimal
impact on blood CP-I concentration was simulated using
constructed PBPK models (data not shown).

In conclusion, in vivo K; cyp3a4 and K garpip Were es-
timated sequentially by the PBPK modeling approach

using DDI cases with midazolam and atorvastatin in
healthy subjects. Then, optimized K oarp;p Was verified
in the interaction with CP-I by PBPK model analysis
coupled with Monte Carlo simulation to incorporate
the interindividual variability in hepatic CYP3A4 and
OATP1B expression levels in subjects with HCV in this
study. This study has demonstrated that PBPK model
analysis can reasonably describe the drug-drug and
-endogenous biomarker interactions even when the
drug-disease interactions are also involved in the study
outcomes.
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